Use of consomic rats for genomic insights into ventilator-associated lung injury. Am J Physiol Lung Cell Mol Physiol 293: L292-L302, 2007. First published April 27, 2007; doi:10.1152/ajplung.00481.2006.-Increasing evidence supports the contribution of genetic influences on susceptibility/severity in acute lung injury (ALI), a devastating syndrome requiring mechanical ventilation with subsequent risk for ventilatorassociated lung injury (VALI). To identify VALI candidate genes, we determined that Brown Norway (BN) and Dahl salt-sensitive (SS) rat strains were differentially sensitive to VALI (tidal volume of 20 ml/kg, 85 breaths/min, 2 h) defined by bronchoalveolar lavage (BAL) protein and leukocytes. We next exploited differential sensitivities and phenotyped both the VALI-sensitive BN and the VALI-resistant SS rat strains by expression profiling coupled to a bioinformatic-intense candidate gene approach (Significance Analysis of Microarrays, i.e., SAM). We identified 106 differentially expressed VALI genes representing gene ontologies such as "transcription" and "chemotaxis/cell motility." We mapped the chromosomal location of the differentially expressed probe sets and selected consomic SS rats with single BN introgressions of chromosomes 2, 13, and 16 (based on the highest density of probe sets) while also choosing chromosome 20 (low probe sets density). VALI exposure of consomic rats with introgressions of BN chromosomes 13 and 16 resulted in significant increases in both BAL cells and protein (compared to parental SS strain), whereas introgression of BN chromosome 2 displayed a large increase only in BAL protein. Introgression of BN chromosome 20 had a minimal effect. These results suggest that genes residing on BN chromosomes 2, 13, and 16 confer increased sensitivity to high tidal volume ventilation. We speculate that the consomic-microarray-SAM approach is a time-and resource-efficient tool for the genetic dissection of complex diseases including VALI.
cal ventilation potentially contributes directly to de novo lung injury known as ventilator-associated lung injury (VALI) (35, 41, 44) , also augmenting pulmonary capillary leakage and acute inflammation (37, 38, 42) . A number of studies have demonstrated that rats and mice ventilated with high endinspiratory lung tidal volumes rapidly exhibit lung injury (6, 11, 47) with increased inflammatory gene expression (tumor necrosis factor-␣, interleukin-6) in pulmonary epithelium (41) . In contrast, the landmark ARDS net trial reported a 22% decrease in mortality in ARDS patients when low tidal volume ventilation was applied (compared with traditional, higher tidal volume ventilation) associated with decreases in bronchoalveolar lavage (BAL) leukocytes and inflammatory cytokines (15, 30) . However, despite improved understanding of the pathophysiology of ALI and the deleterious effects of ventilationinduced mechanical stress, the underlying mechanisms of the injurious effects of mechanical ventilation remain unclear, and effective pharmacotherapy for ALI/VALI has yet to emerge (1) .
Increasing information confirms the considerable heterogeneity in the response to injurious stimuli among the critically ill, suggesting that genetic susceptibility and environmental factors are also key determinants in the development of ALI (2, 4, 12, 14, 15, 24, 27, 28, 30, 34) . Unfortunately, there remain significant challenges in the study of ALI genetics and other polygenic diseases. ALI represents a continuum rather than a discrete group of phenotypes, lacking unique, easily measured markers. Furthermore, ALI arises from diverse precipitating factors in a critically ill population and exhibits a variable clinical course (32) . Finally, significant difficulty exists in defining the genetic factors that govern susceptibility to or severity of ALI/VALI due to phenotypic variance and likely complex gene-environment interactions (7) . The sporadic nature of ALI precludes conventional genetic approaches such as heritability studies or linkage mapping (or "positional cloning"), a strategy potentially effective in other lung disorders, such as asthma, where large families with both affected and unaffected individuals can be examined for loci linked to the trait of interest (13) .
We sought to explore genetic influences in the development of VALI and identify potential VALI candidate genes by sequentially integrating differential gene expression profiling with a chromosomal substitution (consomic) approach utilizing inbred rodent strains. We initially determined differential strain susceptibility to ventilator-mediated mechanical stress in both the VALI-sensitive Brown Norway (BN) and the VALI-resistant Dahl salt-sensitive (SS) rat strains followed by a bioinformatic-intensive genomic approach to identify 106 VALI-related candidate genes differentially expressed in response to high tidal volume (HTV) mechanical ventilation. Another 153 genes were differentially regulated at baseline between the two strains, including several well-known VALI-related genes. Combining these pair-wise comparison sets (SS and BN rats at baseline vs. HTV exposure) generated a total of 245 unique genes that were differentially regulated and potentially involved in the development of VALI. We next mapped the differentially expressed probe sets resulting from the microarray analyses to individual chromosomes as one expeditious way to help guide the selection of consomic rats for further evaluation in the VALI model while acknowledging the limits of this method in rigorously distinguishing between absolute chromosomal contributions in VALI. Consomic rats with single chromosome introgression (BN chromosome replacement into SS background) of chromosomes 2, 13, and 16 (SS:BN2, SS:BN13, and SS:BN16) exposed to HTV ventilation protocol exhibited significant increases in either BAL cell counts, BAL protein, or both parameters compared with the resistant SS parent. These results suggest that microarray-defined genes residing on these particular BN chromosomes may confer increased sensitivity to injury by HTV ventilation. BN chromosome 20 introgression into the SS background had minimal effect on the VALI phenotype. We speculate that the sequential microarray-consomic approach is a valuable integrative tool that prioritizes consomic screens seeking to identify candidate genes in complex disease models such as VALI.
MATERIALS AND METHODS
Rats. Male Sprague-Dawley (SD), Dahl SS, BN, and consomic rat strains (with individual BN chromosome introgression into the SS rat background) were obtained from Charles River Laboratories (Boston, MA) and PhysioGenix, Medical College of Wisconsin (http://www. physiogenix.com). All our experiments in animals were approved by the Institutional Animal Care and Use Committee (IACUC) at Johns Hopkins University, and rats weighing 250 -350 g were housed in pathogen-free conditions in the Johns Hopkins Asthma and Allergy Center Animal Care Facility where they were cared for in accordance with institutional and National Institutes of Health (NIH) guidelines. During experiments, rats were anesthetized with an intraperitoneal injection of ketamine (75 mg/kg) and acepromazine (1.5 mg/kg) with additional anesthesia administered as necessary. Proper anesthesia was assessed by paw and tail pinching and maintained throughout all experiments with additional doses as needed.
Mechanical ventilation model. All experimental rats underwent tracheostomy and were ventilated with room air at 85 breaths/min, a tidal volume of 20 ml/kg, 0 positive end-expiratory pressure (i.e., PEEP) for 2 h with an Inspira rodent ventilator (Harvard Apparatus, Harvard, MA). A catheter was placed in the carotid artery for arterial blood gas (ABG) analysis and arterial blood pressure monitoring. ABG values were performed, and external dead space was adjusted to maintain an arterial pH of 7.30 -7.45 throughout the experiment. Boluses of isotonic phosphate-buffered saline (PBS) were given as needed to maintain a mean arterial pressure greater than 60 mmHg. Airway pressure was monitored continuously and recorded (every 30 min) in all animals as we previously described (17, 31) . Control animals were allowed to spontaneously breathe room air. This rodent mechanical ventilation model of VALI including the various levels for pH, breathing rate (breaths/min), and tidal volume has been previously described (7, 21) .
BAL fluid and leukocyte counts. At the termination of each experiment, all animals were euthanized by exsanguination under anesthesia in accordance with institutional and NIH guidelines. The pulmonary vasculature was perfused via the pulmonary artery with sterile PBS to remove blood-borne elements and plasma, and the right lung was clamped at the level of the mainstem bronchus, excised, and snap-frozen in liquid nitrogen for subsequent RNA analysis/expression profiling. The left lung was lavaged with 3 ml of PBS, and the BAL fluid (ϳ2 ml) was centrifuged at 2,500 rpm for 20 min at 4°C; then the supernatant removed and frozen at Ϫ80°C for subsequent protein analysis. Cell pellets were resuspended in 0.5 ml of red blood cell lysis buffer (ACK Lysing Buffer, BioSource International) for 20 min and then repelleted by centrifugation at 2,500 rpm for 20 min at 4°C. The supernatant was decanted and saved for protein analysis, and the cell pellet was resuspended in 0.2 ml of PBS for cell counting using a standard hemocytometer technique. A total of 300 BAL cells/slide were counted for differential cell using a Diff-Quickstained kit (Baxter Diagnostics, McGaw Park, IL).
Microvascular permeability to protein. The protein concentration in BAL fluid was determined by a modified Lowry colorimetric assay using a Bio-Rad DC protein assay kit (Bio-Rad Laboratories, Hercules, CA). BAL fluid was prepared according to assay instructions, the absorbances were measured at 750 nm, and protein concentration was determined using standard curves (20) .
Tissue Evans blue dye (EBD) deposition. Evans blue dye (EBD, 5 mg/kg) containing 20% bovine serum albumin (BSA, fraction V; Sigma) was administered intravenously via the external jugular vein, 30 before euthanasia and tissue harvesting. The right lung vasculature was perfused with PBS and removed, and its weight was recorded; then it was freeze/thawed and homogenized in 6 ml formamide and incubated at 60°C for 18 h. The extracts were spun (15,000 rpm, for 60 min at 4°C), and the supernatants were collected to quantify lung EBD content in a spectrophotometer (740 nm). Each reading was compared with standard curve of EBD and expressed as milligrams per milliliter per gram body wt (33) .
RNA isolation and expression profiling. Right lung mRNA was isolated as we have described previously (26) , from three whole lung tissue samples each per strain and condition: SS baseline, SS HTV ventilation, BN baseline, and BN HTV ventilation. Affymetrix GeneChip Expression Analysis Manual protocols (Affymetrix, Santa Clara, CA) recommended by the manufacturer were followed, as we have described previously (17) . The signal intensity fluorescent images produced during Affymetrix GeneChip Rat Genome 230 2.0 Array hybridizations were read using the Hewlett-Packard GeneArray Scanner G2500A and converted into "GeneChip Cell" files (CEL) by GCOS software (Affymetrix).
Expression data filtering and analysis. Data generated in this study complies with the "minimum information about microarray experiments" (MIAME) standard (5) and may be accessed via the Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) with the series accession number GSE7041. CEL files were analyzed by the Robust Multichip Average (RMA) module of Bioconductor package (18, 19) . The expression measures of individual probe set were extracted, and background correction, across-array normalization, and summarization were performed. "Summarization" refers to the process designed to obtain a single expression value for each gene and analyzes the signals from all probes (oligos) related to that gene and located on different spots on the array are combined. The global gene expression profile analysis of transformed expression data was conducted using Significance Analysis of Microarrays (SAM) (43) . Briefly, SS and BN expression data sets were separated by experimental conditions and strain to corresponding blocks as recommended by the SAM procedure (see the SAM online manual for detailed explanations of the blocking approach, http://www-stat.stanford. edu/ϳtibs/SAM). Data for each strain was analyzed using a twofold change cutoff and a false discovery rate Ͻ5% (with 10,000 permutations). Using this threshold with the SAM approach, we identified candidate genes as genes that were significantly differentially regulated between parental rat strains (BN vs. SS) at baseline and in response to HTV mechanical ventilation for each strain.
To expeditiously guide our consomic selection, we then mapped the HTV-driven differentially expressed probe sets to individual chromosomes to determine chromosomes with the highest probe set density. Though it is important to recognize limitations of this method such as the absence of a qualitative differentiation between probe set-defined transcripts and their roles in VALI, the goal was to devise a time-saving approach for consomic selection that facilitates differentiation between chromosomal contributions in VALI based entirely on a speedy quantitative approach (probe set density). We normalized this observed probe set distribution to the chromosome-specific probe representation on the Affymetrix microarray GeneChip (which generally accounts for the chromosomal size differences for most chromosomes) and generated the ratio of observed over "predicted" chromosomal distribution of the total differentially expressed probe sets (Fig. 4) . To allow us to derive this latter parameter, we generated a predicted chromosomal distribution for the 352 differentially regulated HTV-driven probe sets multiplied by the number of chromosome-specific probes that are fixed on the probe array divided by the total number of probes on the whole microarray platform.
Gene Ontology (GO) terms were dynamically linked to candidate genes using OntoExpress (http://vortex.cs.wayne.edu/Projects.html#Onto-Express) tools in a fashion similar to what has been previously described in MAPPFinder and GenMAPP (9, 10, 17, 26) to examine the expression profiling based on biological pathway activation rather than by single gene expression (22) . The relevance of newly identified candidate genes to lung injury was then evaluated using PubMatrix (http://pubmatrix.grc.nia.nih.gov), the automated biomedical literature search engine (3) that measures the co-occurrence of two key words in the National Center for Biotechnology Information literature search service, PubMed. In our analysis, we searched each identified candidate gene against a series of keywords representing ALI, mechanical ventilation, and barrier disruption. The PubMatrix-selected citations of journal articles that referenced "acute lung injury", "mechanical ventilation", "coagulation", "inflammation", and "permeability" terms in the same context with a given candidate gene were manually evaluated.
Statistical significance. Values are expressed as means Ϯ SE. Intergroup differences (control vs. HTV ventilation) were determined by the Student's unpaired t-test, whereas multiple strain differences were assessed by a simple ANOVA with post hoc analysis using Newman-Keuls multiple comparison test. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS

Strain survey and identification of VALI-sensitive and VALIresistant rodent strains.
The extent of alveolar injury, inflammation, and barrier disruption (BAL cells, BAL cell differentiation, and BAL protein) and vascular permeability (EBD leakage) were used to assess HTV mechanical ventilationinduced lung injury in adult male SD, Dahl SS, and BN rats. Two hours of HTV mechanical ventilation induced significant alveolar injury and inflammation in the BN strain, with a 103% increase in BAL cell count (2.28 Ϯ 0.53 ϫ 10 5 vs. 1.12 Ϯ 0.19 ϫ 10 5 cells/ml in controls, P Ͻ 0.01) (Fig. 1A) , an observation attributable to an influx of polymorphonuclear cells (PMNs) (Ͼ90% PMNs in BAL). Likewise, exposure to HTV ventilation stimulated a significant inflammatory response in the BN strain, producing a 135% increase in BAL protein (0.67 Ϯ 0.08 vs. 0.28 Ϯ 0.02 mg/ml in controls, P Ͻ 0.01) (Fig. 1B ). There were no significant differences in either BAL cell counts or BAL protein levels in either the SS or SD rat strains after HTV ventilation challenge compared with baseline values. There were no statistically significant differences in baseline BAL cell count, BAL protein, or tissue EBD between the three strains. Consistent with the observed increase in BAL protein reflecting epithelial permeability, HTV ventilation evoked a significant increase in vascular permeability in the BN strain reflected by increased tissue EBD deposition, whereas there were no significant differences in tissue EBD in either the SS or SD strains after HTV ventilation challenge compared with baseline (Fig. 2) . Thus, the BN strain was distinctively sensitive to the effects of HTV mechanical ventilation with evidence of significantly increased alveolar inflammation and vascular/alveolar barrier disruption at 2 h compared with the relatively resistant SS and SD strains.
Gene expression/analysis. We used SAM with a twofold change cutoff and a false discovery rate Ͻ5%, and found 352 probe sets, from which 106 unique genes were differentially expressed in the two strains in response to injurious HTV mechanical ventilation (Supplemental Tables SII and SIII) (supplemental material for this article is available at the Physiological Genomics web site). Likewise, we found 479 probe sets, from which 153 unique genes were differentially expressed at baseline between the two strains and potentially govern susceptibility to VALI (Supplemental Table SI ). Overlap between these two pair-wise comparisons (SS vs. BN at baseline and during HTV exposure) yielded 245 potential VALI-related candidate genes that were differentially regulated. Subsequent GO analysis revealed that the majority of differentially expressed genes (in response to mechanical ventilation) in the HTV-sensitive (BN) strain and the HTV-resistant (SS) strain involved the following gene ontologies: transcription, signal transduction, chemotaxis/cell motility, inflammation, DNA and protein binding, cell proliferation, and cell adhesion (Fig. 3) .
To drive subsequent consomic selection, we next evaluated the chromosomal distribution of the HTV-driven differentially regulated probe sets identified by microarray analysis in our model. The lack of an assigned gene name to a probe setdefined transcript does not necessarily reduce its potential functional impact in a phenotype. We, therefore, mapped the 352 differentially regulated HTV-driven probe sets rather than the 106 unique genes (derived from the probe sets) for greater accuracy of representation of the chromosomal involvement in the VALI phenotype. Again, aware of its inherent limits as purely a quantitative indicator, we employed this distribution technique as one method of providing fast and insightful ideas about the potential for varying levels of chromosomal contributions. We normalized the observed data distribution to the chromosome-specific probe representation on the Affymetrix microarray GeneChip (see MATERIALS AND METHODS) and generated the ratio of observed over predicted chromosomal distribution of the total differentially regulated probe sets. This analysis revealed chromosomes 2, 13, 16, and 17 as chromosomes containing the largest number of potential VALI-inducing probe set-defined transcripts and, consequently, genes important in the response to VALI (Fig. 4) . Figure 4 also parenthetically depicts the distribution of the 106 candidate genes evoked by HTV ventilation above each individual chromosomal column. The mapping of these candidate genes emphasizes the lack of correlation between the gene density vs.
probe set density per chromosome; i.e., chromosome 2 had the greatest number of HTV-related genes (13 genes), whereas chromosome 13 only had 4 genes.
To confirm the contribution of chromosome-specific genes to the susceptibility (or resistance) to injury produced by HTV mechanical ventilation, consomic progeny (including SS:BN2, 13, and 16), with a single BN chromosome substituted into the SS genomic background, were subjected to HTV ventilation according to the VALI protocol (described above) to determine the capacity of introgressed genes to result in ventilator sensitivity in an otherwise resistant strain. Although chromosome 17 had a greater VALI gene representation than 2, 13, and 16, this consomic strain was not immediately available. Furthermore, an available consomic SS:BN20 was studied to determine whether its low level of HTV-driven probe set density was associated with a potentially low likelihood of involvement of chromosome 20 in VALI. Priority was also given to the characteristics that are most relevant for the goal of differentiating the strains for VALI susceptibility: BAL cells Ͼ BAL protein. Previous evidence supports the importance of this priority and the prevalence of these individual determinants in the development of an ALI phenotype (25) .
Introgression of BN chromosome 2 into the SS background produced an intermediate effect on the VALI phenotype with a significantly higher BAL protein level and, thus, alveolar inflammation but less of a change in BAL cell count, a marker of lung injury. In contrast, introgression of BN chromosomes 13 and 16 into the SS genetic background conferred susceptibility to lung injury due to HTV with significant increases in both BAL cell count and proteins compared with the SS parent (Fig. 5, A-F) . Additionally, as would be predicted, the consomic SS:BN20 strain, which contained only a limited number of HTV-driven probe sets by array analysis, displayed minimal susceptibility to VALI with a mild nonsignificant rise in the BAL protein compared with the SS strain and no change in the BAL cell count (Fig. 5, G-H) . Table 1 depicts the PubMatrix evaluation of the microarray-derived VALI candidate genes that mapped to these consomics (2, 13, and 16) and details the number of their PubMed citations. This approach revealed several previously identified ALI/VALI candidate genes residing on chromosomes 2, 13, and 16 (Nr4a, Il1b, Btg2, Ifrd1, Jun, Myc, Socs3, Cyr61) (7, 16, 26) , as well several potentially novel VALI candidates with few or no PubMed citations.
DISCUSSION
The goal of our study was to utilize a combination of genomic and genetic approaches to help define the contribution of genetic influences to the VALI phenotype. We combined the use of traditional rodent strain analysis with a powerful genomic microarray expression profiling approach to identify candidate genes with potential involvement in the molecular changes which occur in the multigenic VALI syndrome. We examined alterations in lung gene expression in two rat strains exposed to HTV mechanical ventilation: the VALI-sensitive BN strain and the VALI-resistant SS strain. Statistical filtering initially identified 245 potential candidate genes that were significantly differentially expressed between the two strains, either at baseline or in response to HTV mechanical ventilation. GO classification identified significantly involved biological pathways, and PubMatrix literature mining deciphered known and novel genes among those identified in our analysis. Using this microarray analysis as an initial step to study the genetics of VALI allowed us to devise a unique priority schema for consomic selection in an otherwise labor-intensive, and costly, full consomic screen (all 21 rat chromosomes), in which a single chromosome of one parental strain is substituted into the very homogeneous genetic background of the second strain. The partial consomic screen presented here is the first to demonstrate the genetic impact in the development of VALI; introgressions of chromosomes 2, 13, and 16 from the BN into the SS rats confer susceptibility to VALI in an otherwise resistant strain. In addition, this susceptibility of the highly Fig. 2 . Survey of specific rodent strains for sensitivity to mechanical ventilatory stress: Evans blue dye (EBD) vascular leakage. EBD content was quantified to assess albumin leak across the lung vascular bed in rodents injured with HTV mechanical ventilation (20 ml/kg, 2 h). SD, Dahl SS, and BN male rats challenged in this manner revealed significant increases in EBD deposition noted only in the BN rat strain. There were no significant changes in EBD content in either the SS or SD strains. Inset: the percent increase in EBD content by strain compared with controls (i.e., without HTV). *P Ͻ 0.05. **P Ͻ 0.01. Fig. 3 . Gene ontologies (GO) involved in rodent lung responses to mechanical ventilation-induced mechanical stress. We employed OntoExpress, a program that uses a relational database to link genes in a given data set, as another level of filtering of the genomic data derived by microarray analyses. Ontology analysis of the 106 genes in our mechanical ventilation array data set shows biological relationships between genes and gene products, giving experimental gene array expression data a biological context. The "protein binding" ontology was identified as the major mechanical stretch-related acute lung injury (ALI) biological process with the highest percentage of genes per total number of identified genes (106). Significant representation was also identified in the signal transduction, DNA binding, cell proliferation, cell motility/chemotaxis, cell adhesion, and inflammation ontologies. Parenthetical annotation reflects the number of genes that mapped to the indicated gene Ontology. All eight ontologies had were significant at P Ͻ 0.001. inbred consomic strains including SS:BN2, 13, and 16 to VALI increases the likelihood that candidate genes residing on these chromosomes are involved in the VALI phenotype. Overall, this study evaluates the contributions of selected individual chromosomes in the VALI pathophysiology and provides an important first step in linking phenotypic data to genomic data. In addition to providing initial insights about consomic selection, the integration of microarray technology serves to broaden the scope of candidate genes and pathways that may be relevant to ALI/VALI pathophysiology.
Early animal studies of ALI focused on a single gene (or a few genes) of interest (39, 40, 45) . For example, Hsp70 expression was assessed in a rat model of lipopolysaccharide (LPS)-induced ALI (45) and TNF-␣ expression was evaluated in response to mechanical ventilation in a surfactant depletion model of ALI in rabbits (40) . These studies reflect the traditional strategy of preselecting a gene of interest, thus, severely narrowing the scope of study. Because of the likely multigenic etiology of ALI, newer approaches have taken advantage of the availability of genomic techniques/tools to focus on the generation of a robust list of candidate genes that can then be studied individually both in patients and in specific preclinical models of disease. Once a strain-specific phenotypic difference is identified, chromosomal regions encoding genes that regulate a specific phenotype; for example, susceptibility to VALI can then be identified through the comparison of genetically distinct offspring with differing phenotypes. Traditional strainsurvey approaches, using carefully selected inbred parental strains with differing sensitivities to a stimulus and subsequent testing of genetically differing offspring, have been successfully used to identify novel candidate genes in a variety of disease. Leikauf et al. (23) investigated the sensitivity of several mouse strains to ALI induced by ozone, ultrafine polytetrafluoroethylene (PTFE), or nickel (NiSO 4 ) exposure, demonstrating that susceptibility to this injury varied between strains, and identified a resistant (C57BL/6J) murine strain whose mean survival time was double that of the sensitive (A/J) strain (with resistance inherited as a dominant trait). Chromosomal analysis of multiple strains of backcrossed mice generated from the two parental strains allowed the identification of quantitative trait loci (QTLs) on murine chromosomes 6, 11, 13, and 17 that contributed to the significant differences in survival time. Subsequent cDNA microarray analysis identified significant differences in the expression of Ͼ100 genes involved in cell proliferation, extracellular matrix repair, oxidative stress, hypoxia, and surfactant proteins. Combining the results from traditional linkage studies and QTL mapping as well as microarray analysis, a short list of candidate genes were identified for nickel-induced ALI, as well as several novel genes (23) . Such backcross approaches, while highly meritorious, are time-consuming and expensive. More importantly, individual F2 rats from backcrosses add a significant amount of genetic "background noise" due to lack of strain homogeneity and reduce the power to map associated QTLs.
Copland et al. (7) studied in vivo temporal changes in early gene expression in rat lungs with (30 min) HTV ventilation and found that lung injury correlated with increased expression of transcription factors, stress proteins, and inflammatory mediators and decreased expression of metabolic regulatory genes and identified Egr-1, c-Jun, Hsp70, and IL-1␤ as candidate genes involved in VALI. Our own recent work, using orthologous cross-species expression profiling in multiple animal models of HTV ventilation and in silico bioinformatic analysis, identified both common and novel potential VALI candidate genes including: fibrinogen A, coagulation factor III, plasminogen activator, urokinase receptor, tissue factor, plasminogen activator inhibitor type 1 (PAI1), IL-1␤, , and Egr1 (16, 17, 26) . Several of these genes were identified in our current VALI candidate list including those that mapped to chromosomes 2, 13, or 16 in the rodent (calgranulin A, calgranulin B, prostaglandin-endoperoxide synthase 2 or Ptgs2, and cysteine rich protein 61 or Cyr61) (Table 1) . Interestingly, calgranulin A was expressed in both the VALI-sensitive BN and VALI-resistant SS strains during HTV exposure; however, these were present at different relative levels possibly corresponding to different states of VALI susceptibility. In addition, Cyr61 was also differentially regulated between the BN and SS strains at baseline, stressing the potential viability of candidate genes within the 153 differentially regulated gene set between our two strains. Although all of these studies possess the standard limitations of microarray approaches, the high frequency of confirmation with these candidate genes in various models of VALI also strengthens their association to VALI and adds appeal for further focused investigation.
In the current study, we expanded the known VALI candidate gene list by identifying potentially 245 candidate genes that participate in differential sensitivities of the BN rats and SS rats to VALI. Similar to our previous orthologous cross- Fig. 4 . Chromosomal distribution of differentially expressed probe set-defined transcripts from rodent lungs: ratio of the observed chromosomal distribution of differentially expressed rodent lung probe sets evoked by HTV mechanical ventilation over that of the predicted distribution (352). Predicted distribution, in this case, equates to an equal distribution of the HTV-driven probe sets (352) between all chromosomes normalized by the individual chromosomal probe representation on the microarray chip. With the goal of accentuating the greatest probe set-dense chromosomes for consomic selection, a chromosome with a ratio greater than 1 (where observed equals predicted) represents a significant trend in surpassing the chromosome's expected probe set density over other chromosomes and, hence, an increase in its potential contribution to the ventilator-associated lung injury (VALI) phenotype. As shown, chromosomes 2, 13, 16, and 17 (as highlighted in black) demonstrated the greatest density of probe sets (over a ratio of 1.2, thick black line), and since the SS:BN17 strain was not available, we studied strains SS:BN13, 16, and 2. We also studied the SS:BN20 strain (shown in striped bar) to study the trend for a chromosome with a low probe set density given the ratio attributed to its chromosome to be lower than 1. Parenthetical annotation reflects the number of unique genes that mapped to the indicated chromosome. These data suggest that BN chromosomes 13 and 16 conferred increased sensitivity to HTV, and chromosome 2 showed an intermediate phenotype. SS rats with introgression of BN chromosome 20 into the resistant SS background (SS:BN20) and exposed to HTV mechanical ventilation did not exhibit changes in BAL cell counts (G) and a mild nonsignificant increase (P Ͼ 0.05) in protein level (H) compared with the SS strain. These data suggest that BN chromosome 20 did not confer increased sensitivity to HTV, unlike chromosomes 2, 13, and 16. *P Ͻ 0.05. **P Ͻ 0.01. species expression profiling and in silico analysis approaches, as well as the study by Copland et al. (7), blood coagulation and inflammation were two of the highly represented genetic pathways of the candidate genes residing on chromosomes 2, 13, and 16, as evidenced by PubMatrix evaluation. K-mean clustering revealed several well-known ALI/VALI-associated genes (IL6, PAI1, CCL2, COX2) as well as novel ALI genes. In addition to the coagulation pathway, broad ontologies of all candidate genes expressed during HTV exposure included transcription regulation, cell proliferation, and cell motility/ chemotaxis. Based on these reports and data generated by our cross-species analysis of ALI, we speculate that mechanical stretch directly regulates cell motility/chemotaxis and cell adhesion in lung tissues (epithelium, endothelium, etc.) accompanied by activation of the coagulation cascade, inflammatory cell recruitment, and the development of ALI, a scenario Five representative terms were chosen for their involvement in ventilator-associated lung injury (VALI) and were used to quantify the PubMed citations of the candidate genes in these categories. Shown are previously identified (located at the top half of the table) and novel (located at the bottom half) VALI chromosome-specific genes differentially expressed at baseline and after high tidal volume (HTV) ventilation in the BN and SS rats.
consistent with clinical reports on the effect of excessive tidal volume ventilation (1) .
Acknowledging limitations of microarray technology, it is possible that the regulation of a limited number of genes on parental strains did not occur at the level of steady-state mRNA content and, therefore, could not be identified by the approach used in the present study. In addition, the differential expression of genes on chromosomes 2, 13, and 16 in tissues outside the lungs may have affected the expression of genes on other chromosomes in the lungs. The use of expression microarrays in this study also makes the assumption that genetic variation between the parental strains contributes to disease by directly affecting lung expression of the transcript encoded by that gene. There are, however, additional mechanisms by which genetic polymorphisms could cause or affect disease including a variety of posttranslational modifications, tissue-specific mRNA editing, and amino acids changes that do not change the transcript expression level but rather its protein properties. These possibilities, however, do not negate the importance of deriving a list of differentially regulated genes and their impact to the phenotype via a genomic approach. Advantages to the genomic (microarray technology) approach, as described above, include the discovery of a large number of genes in the development of the VALI phenotype without a priori knowledge of a particular gene or pathway in the disease in contrast to standard linkage approaches (such as the excellent study by Leikauf et al., Ref. 23) . Using genome-wide expression analysis, we also used a novel approach to integrate these results to prioritize a consomic screen by mapping differentially regulated probe sets to individual chromosomes. Aware of the limitations of mapping probe sets, we based chromosomal "probe set density" as one easily computable marker for chromosomal contribution in the VALI phenotype.
To systematically approach an association study between the various selected consomic strains and the VALI phenotype, it is important to recognize the difficulty in identifying putative QTLs for complex diseases like VALI. In addition to pleiotropy, incomplete penetrance, and gene-environment interactions, the problem also lies in the complexity and variance of phenotypes with which candidate genes are associated. Complex phenotypes like VALI that are subdivided into intermediate physiological phenotypes can be less complex with oligogenic determination and therefore can exhibit higher heritability. We, thus, focused on distinct determinants of the phenotype: alveolar injury and inflammation measured by BAL cells, and by BAL protein. The differences between these determinants has been previously studied in an ALI model induced by the inoculation of bacterial LPS showing varying responses between acute lung "cell injury" as defined by BAL cell counts and an "inflammatory response" defined by BAL protein (one of multiple inflammatory parameters) (25) . We determined that consomic strains SS:BN13 and SS:BN16 conferred full VALI susceptibility, as apparent by significant increases in both BAL cell counts and protein compared with the SS parent. The intermediate effect of SS:BN2 on the VALI phenotype highlights another key advantage to the utility of a consomic approach, that of differentiating a complex disease (like VALI) into individual determinants (in this case, BAL protein but not BAL cell count) that can then be linked to the effect of a single chromosome introgression. Likewise, strain SS:BN20 did not produce either a significant rise in BAL protein or changes to BAL cell counts consistent with the low probe set density distribution (Fig. 4) . Ultimately, the continuous spectrum of distribution of consomic strain phenotypes from full VALI susceptibility by SS:BN16 to the minimal VALI susceptibility by SS:BN20 underscores two basic concepts. First, as shown in the study by Leikauf et al. (23) , VALI is being controlled by more than one gene and is therefore a polygenic or at least oligogenic syndrome. If VALI was controlled by a single dominant gene, then each consomic strain should demonstrate a single discrete sensitive or resistant phenotype (i.e., all have unidirectional and equal levels of changes in BAL cells and protein). Second, the expected consomic phenotypes also reinforce our probe set densitybased chromosomal distribution method that we have employed in driving a consomic selection. Interestingly, the small differences in the probe set ratios between chromosomes correlated with dramatic magnitude differences in phenotypes between the selected consomic strains (i.e., BAL cells in SS:BN16 vs. SS:BN20). Although it is appealing to consider this correlation as an additional strength in the mapping method, this lack of prediction in magnitude can also be interpreted as a limitation given the absence of qualitative differentiation between probe sets in the method that may have accounted for the large phenotypic differences. Despite the possibility that the trend can be attributed to random chance, the general trend of mapped probe densities that rank chromosomal contributions parallel the spectrum of the four consomic phenotypes in our VALI model. We, therefore, present a unique example of a computable systems biology approach to genomic and biomedical research.
Unlike previous studies of VALI genomics and genetics, we chose to employ an inbred consomic rodent strain approach, which minimizes the background noise, as the chromosome (or, in the case of congenics, the portion of a chromosome) of interest represents the only significant difference in the genome between the parental and progeny strains due to selective breeding and rigorous genetic testing. Unlike traditional linkage studies with segregating crosses (as described by Leikauf et al., Ref. 23) , the consomic approach provides greater statistical power to detect linkage because of this fixed genetic background. For the same reason, consomic approaches can assign traits like the VALI phenotype to chromosomes with confidence (8) . Other advantages to utilizing a consomic approach to study VALI in future genetic studies include the ability to rapidly generate congenic strains that can narrow the region of interest on these particular chromosomes (e.g., chromosome 2, 13, or 16). As the region of interest is narrowed with congenic strains, the list of potential genes is also reduced (8) .
An important caveat for consideration is that the consomic approach may include the possibility of gene-gene interactions that may contribute to the VALI phenotype. For example, the difference of chromosome 2 (or for any chromosome introgression) between SS and SS:BN2 can, through extensive interchromosomal gene-gene interactions, result in differential expression of genes on many chromosomes. Collectively, this may contribute to the changes in phenotypes (e.g., an intermediate phenotype) caused by the substitution of chromosome 2, such as a reduction of BAL cell counts but an increase in BAL protein. These gene-gene interactions need to be considered before inferring any strong causal relationships between the particular chromosomes or their residing genes and the VALI phenotype. However, the development of a consomic library by the Medical College of Wisconsin allows the rapid construction of multiple chromosomal substitution models that can then be used to study these gene-gene interactions involved with complex traits (8) .
In summary, our results suggest that specific BN chromosomes (2, 13, and 16) containing VALI candidate genes confer increased sensitivity to HTV ventilation (like chromosomes 2, 13, and 16). Thus, the microarray-SAM approach should be considered as a potentially valuable tool for the identification of candidate genes, while also driving a consomic screen in a time-and resource-efficient manner to study the chromosomal contribution in a variety of complex disease models such as VALI. Further analysis of select candidate genes by additional single nucleotide polymorphism discovery and mid-or highlevel throughput genotyping and congenic screens of the highlighted chromosomes (2, 13, and 16) from this study will undoubtedly provide important insights into the genetic basis for ALI susceptibility and severity. The explosion in genomic discovery approaches is generating novel mechanistic insights into complex ALI pathobiological processes and may allow us to achieve the ultimate goal of translating this knowledge to the critical care settings.
